We assessed the association between early increases in albumin excretion and cardiovascular (CV) and renal markers in a large cohort of young people with type 1 diabetes.
Microalbuminuria is a marker of early stage renal damage in patients with type 1 diabetes, and an independent risk factor for diabetic nephropathy (DN) and cardiovascular (CV) disease (1, 2) . In young people with childhoodonset type 1 diabetes, microalbuminuria is associated with CV risk factors, such as dyslipidemia, hypertension, subclinical inflammation, hyperfiltration, decline in renal function (3) , and markers of subclinical atherosclerosis, such as endothelial dysfunction and increased carotid intima-media thickness (cIMT) (4) , suggesting that microalbuminuria is not only a marker of renal disease but of a generalized "endotheliopathy" (5) .
In adolescents with type 1 diabetes, increases in albumin excretion within the normal range during the first years after diagnosis can predict future risk of microalbuminuria (6, 7) . In the Oxford Regional Prospective Study (ORPS) cohort, an albumin-creatinine ratio (ACR) in the upper tertile of the normal range at the age of 11-15 years independently predicted up to 85% of subjects who later developed microalbuminuria and all of the subjects who developed proteinuria (8) . In adults, progressive increases in albumin excretion within the normal range are also associated with an increased risk of CV events (9) .
These data suggest that albumin excretion is a continuous risk factor for both renal and CV complications of type 1 diabetes and that early screening and interventions during adolescence may reduce the long-term risk for DN and CV disease. However, there are few data on the association between early increases in albumin excretion and early evidence of CV disease in young people with type 1 diabetes.
Using data collected during the screening phase of the international, multicenter Adolescent Type 1 Diabetes Cardio-Renal Intervention Trial (AdDIT) (10) , we aimed to assess whether, during puberty, selecting adolescents with type 1 diabetes by different degrees of urinary albumin excretion would allow the identification of subjects at risk for CV and renal complications.
RESEARCH DESIGN AND METHODS

Study Population
The study population consisted of subjects screened and recruited to AdDIT (10) .
AdDIT is a multicenter multinational study involving 32 centers in the U.K., Canada, and Australia that is assessing the efficacy of ACE inhibitors (ACEIs) and statins in high-risk adolescents with type 1 diabetes, defined on the basis of an ACR in the upper tertile of the normal range. The major end point of the study is change in urinary albumin excretion, and secondary end points include markers of CV disease, renal function, retinopathy, and quality of life combined with detailed assessment of compliance and health economic benefits.
Subjects were recruited to AdDIT from a prescreened population of adolescents aged 10 to 16 years with type 1 diabetes diagnosed for $1 year or C-peptide negative. The diagnosis of type 1 diabetes was based on the American Diabetes Association criteria (11) , insulin dependence since diagnosis, and positivity for one or more diabetesassociated autoantibodies.
At the screening visit, data on chronological age, age at diabetes onset, and duration of diabetes were collected. A blood sample was collected for measuring HbA 1c at the local laboratories. Screening also included collection of two sets of three consecutive early morning urine samples for the assessment of ACR at two separate study visits. The three ACR measures at each visit were averaged on the log ACR scale (due to non-normal distribution of ACR values), and the subject's average residual was calculated using an algorithm derived from previous longitudinal studies of the natural history of microalbuminuria (10, 12) . This algorithm allowed adjustments for age, sex, and duration of diabetes. If the subject's residual was above log 1.2, the patient was assigned to the upper tertile of ACR. Values between 0.8 and 1.2 identified the middle ACR tertile, whereas values below 0.8 identify the lower ACR tertile. The upper tertile identified high-risk adolescents who were eligible for AdDIT (trial cohort); the lower and middle tertiles identified low-risk adolescents (observational cohort) who were eligible for the observational arm of the study (10) .
Inclusion criteria for subjects recruited to AdDIT were 1) age 10-16 years, 2) type 1 diabetes diagnosis for more than 1 year or C-peptide negative, and 3) centralized assessment of ACR based on six early morning urines in the upper tertile (trial cohort) or in lower and middle tertiles (observational cohort) after adjustment for age, sex, age at diagnosis, and duration of disease. Exclusion criteria for both cohorts were 1) other types of diabetes, 2) severe hyperlipidemia and family history data to support diagnosis of familial hypercholesterolemia, 3) established hypertension unrelated to DN, 4) prior exposure to the investigational products (Statins and ACEIs), 5) other comorbidities considered unsuitable by the investigator (excluding treated hypothyroidism and celiac disease), and 6) proliferative retinopathy. Specific exclusion criteria for the trial cohort were 1) pregnancy or unwillingness to comply with contraceptive advice and regular pregnancy testing throughout the trial and 2) breast feeding.
Here we report data from the first 729 adolescents recruited to AdDIT and undergoing CV assessments and the biochemistry data from 554 subjects where results have been processed. It is anticipated that this will represent approximately 99% of all CV disease assessments and approximately 75% of all future data collected and will be representative of the final AdDIT cohort. These data support the rationale for patient recruitment, and the results are of interest independently of the clinical trial results.
Baseline Assessment
Baseline visits for those recruited to both the trial and observational arms of AdDIT included measurement of height, weight, waist circumference (WC), and blood pressure (BP).
Height was measured on wall-mounted stadiometers and weight on electronic scales. WC was measured in triplicate with a flexible tape at the midpoint between the lower margin of the last palpable rib and the top of the iliac crest following World Health Organization guidelines.
Nonfasting blood samples were collected for HbA 1c measurements and centralized assessments of CV and renal markers: lipid profile (total cholesterol, triglycerides, HDL cholesterol, LDL cholesterol, non-HDL cholesterol, apolipoproteins [Apo] A-1 and B), highsensitivity C-reactive protein (hsCRP), asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA), creatinine, and cystatin C.
On a second day, all recruited subjects attended one of the designated centers for standardized CV assessments, including cIMT and, where facilities allowed, flow-mediated dilatation (FMD), digital pulse amplitude tonometry (PAT), and pulse wave velocity (PWV).
The study conformed to the Declaration of Helsinki and was approved by the Cambridge University Hospitals Research Ethics Committee and other local ethics committees. Written informed consent was obtained from the parents and assent from all study participants.
Vascular Assessments
Ultrasound scanning for cIMT was performed at 11 specialist vascular centers. In a subset of patients (n = 430), endothelial function was evaluated by FMD and PAT, and arterial stiffness was assessed by PWV.
Vascular sonographers were accredited before the study commenced. Sonographer training was conducted through the Vascular Physiology Unit at University College London, which has extensive experience in running largescale, vascular phenotyping trials in children (13) , and included a 1-week intensive training course in London for all study sonographers. Sonographers were accredited before the study commenced, and intrasonographer reproducibility on five subjects scanned at least 1 week apart for cIMT was ,5%. Intrasonographer reproducibility for FMD and PWV on five subjects scanned at least 1 week apart was ,16% and ,10%, respectively. A single reader analyzed all cIMT and FMD scans in the core laboratory. Intrareader reproducibility on 50 randomly selected study scans was 2.1% and 8.6% for cIMT and FMD, respectively.
Brachial BP was measured three times [Omron M6 (14) , Omron Healthcare, The Netherlands], separated by 5-min interval using the appropriate cuff size. The average of the three measurements is used in the analysis. The cuff was chosen to be of the appropriate size for an adolescent's upper arm. As recommended, an inflatable bladder width that was at least 40% of the arm circumference at a point midway between the olecranon and the acromion and that was as length as to cover 80-100% of the circumference of the arm was used (15). Pulse pressure was calculated as systolic minus diastolic BP.
Common carotid artery ultrasound images were acquired using a standardized protocol. The artery was scanned in the ear-ear plain with the head rotated to 458 from the midpoint. Images triggered on the R-wave of the electrocardiogram (ECG) were recorded in Digital Imaging and Communications in Medicine format as cine loop files for offline analysis (Carotid Analyzer, Medical Imaging Applications, Coralville, IA). The cIMT value was taken as the average of three end-diastolic measurements. cIMT measurements were made on single segment of arterial wall 5-10 mm in length and 10 mm proximal to the bifurcation at the posterior side. Measurements were taken both at the right and left sides, and the mean between the two measurements was calculated. Arterial stiffness was assessed by applanation tonometry (SphygmoCor System, AtCor Medical, Australia) as previously described (16) . A pressure tonometer was placed on top of the carotid and femoral arteries, and a pressure waveform was recorded for 10 s. Integral software processes the ECG-synchronized pulsed-pressure waveforms and PWV was calculated as the distance and mean time difference between the carotid-femoral pulse points. The average of two PWV measurements was used in the analysis.
Vascular responsiveness to reactive hyperemia was assessed by FMD in a temperature-controlled room (17) . Each participant rested in a supine position for 10 min before an optimized longitudinal, ECG-gated image of the right brachial artery was obtained by high-resolution ultrasound. The test began with 5 min of rest, followed by 5 min of ischemia, which was stimulated by inflation of a pneumatic cuff around the forearm at 200 mmHg. Reactive hyperemia was induced after cuff release and measurements continued for 5 min. The change in diameter of the brachial artery was measured offline using an automatic edge-detection algorithm (Brachial Tools, Medical Imaging Applications). Peak blood flow was measured from the velocity-time integral of the Doppler signal within the first 15 s after cuff deflation. FMD was determined as the relative change in diameter before and after cuff release. FMD corrected for shear stress stimulus was calculated by dividing FMD by the maximal velocity-time integral. Digital PAT was measured simultaneously with the FMD test and is used to evaluate microvascular function. A PAT probe was placed on each index finger and gave a uniform, near-diastolic (70 mmHg) external pressure, providing a measure of changes in pulsatile digital blood volume. The (log scaled) reactive hyperemic index was measured by integral software (EndoPAT, Itamar Medical, Caesarea, Israel) and was calculated as the ratio between the pulse wave amplitude during the 1-min period beginning 60 s after cuff release, compared with the average pulse wave amplitude measured during the 5 min of rest before cuff inflation. The ratio was normalized to the signal from the contralateral control finger.
Biochemistry
All biochemical measurements were performed in a central laboratory (WellChild Laboratory, London). Urine albumin was measured using nephelometric immunoassay according to the manufacturer's instructions (Siemens BN Prospec). Urine albumin concentrations below the limit of quantitation of nephelometry, typically ,2.1 mg/L, were measured using an ELISA. Between-batch imprecision for the BN Prospec was 3.7% at 4.16 mg/L (n = 51), 2.9% at 19.0 mg/L (n = 55), and 2.9% at 144 mg/L (n = 54). Betweenbatch imprecision on the ELISA at ,2.1 mg/L was ,15%. Urine creatinine was measured using a chromatographic stable isotope dilution electrospray mass spectrometry-mass spectrometry (MSMS) method on an AB SCIEX API5000. Between-batch imprecision (n = 48) was 2.6% at 6.89 mmol/L and 3.3% at 17.4 mmol/L. Plasma creatinine was measured using a reference stable isotope dilution electrospray MSMS as previously described (18, 19) . Between-batch imprecision (n = 30) was 2.8% at 66.1 mmol/L and 2.5% at 333.3 mmol/L. Plasma ADMA and SDMA were measured simultaneously using a chromatographic stable isotope dilution fragmentation-specific electrospray MSMS. Between-batch imprecision (n = 30) for ADMA was 2.5% at 401 nmol/L, 2.7% at 917 nmol/L, and 2.7% at 2,413 nmol/L and for SDMA was 4.4% at 416 nmol/L, 2.9% at 1,426 nmol/L, and 3.1% at 4,371 nmol/L. Cystatin C and hsCRP were measured by particle-enhanced nephelometric immunoassay according to the manufacturer's instructions (Siemens BN Prospec). Between-batch imprecision (n = 38) for cystatin C was 3.5% at 0.87 mg/L and 3.6% at 4.64 mg/L and for hsCRP was 5.8% at 0.89 mg/L and 3.6% at 4.73 mg/L.
ApoA-1 and ApoB were measured by nephelometric immunoassay according to the manufacturer's instructions (Siemens BN Prospec). Between-batch imprecision for ApoA-1 (n = 37) was 4.0% at 1.06 mg/L and 5.1% at 2.06 mg/L and for ApoB (n = 38) was 7.3% at 0.90 mg/L and 1.9% at 1.50 mg/L. Total cholesterol (second-generation formulation), HDL cholesterol (thirdgeneration formulation), LDL cholesterol, and triglycerides were measured colorimetrically on a COBAS Integra 400 plus according to the manufacturer's instructions. Betweenbatch imprecision for total cholesterol (n = 35) was 2.6% at 4.71 mmol/L and 2.1% at 8.62 mmol/L, for HDL cholesterol (n = 35) was 3.1% at 0.86 mmol/L and 3.9% at 1.49 mg/L, for LDL cholesterol (n = 36) was 3.1% at 3.07 mmol/L and 2.5% at 4.92 mmol/L, and for triglycerides (n = 35) was 2.9% at 1.47 mmol/L and 2.8% at 4.82 mg/L. HbA 1c was assessed in the local laboratories using Diabetes Control and Complications Trial aligned assays.
Calculations
BMI was calculated as the weight/ height 2 and expressed as kg/m 2 .
z-scores for anthropometric variables were calculated using the the lambdamu-sigma (LMS) method. Similarly, z-scores for BP was calculated to allow for the effect of age, sex, and height (15).
Estimated glomerular filtration rate (eGFR) was calculated from plasma creatinine with the following formula: eGFR (mL/min/1.73 m 2 ) = 42 * height (cm) / plasma creatinine (mmol/L) (20) .
Statistical Analysis
Data are summarized as mean 6 SD or median (interquartile range) unless otherwise specified. Non-normally distributed variables were log transformed before analysis. Comparisons between groups were performed by unpaired t tests for continuous variables and by x 2 or Fisher's exact test for categorical variable. Analysis of covariance was used to adjust for potential confounders.
P values ,0.05 were taken as significant. Analyses were performed using SPSS version 17.
RESULTS
General Characteristics of the Screening Population
Completed screening results from 3,353 adolescents (54.6% boys) were included in our analyses if at least two sets of three early morning urine samples were available for the central laboratory assessment. Based on the ACR results and after applying the previous derived algorithm, 959 (28.6%) subjects have been assigned to the lower, 1,112 (33.2%) to the middle, and 1,282 (38.2%) to the upper tertile of ACR.
The general characteristics of the screening population are shown in Table  1 . The mean HbA 1c level in the whole screened population was 8.3 6 1.4% (67.6 6 14.9 mmol/mol), with a 0.1% increase from the lower to the middle tertile, as well as from the middle to the upper tertile of ACR (P = 0.003) ( Fig. 1) . Seventy-five percent of the screened cohort had an HbA 1c $7.5% (58 mmol/ mol). All screened subjects were on a multiple insulin dose regimen or insulin pumps at the time of the screening visits.
As expected, ACR levels (median [interquartile range]) progressively increased across the generated tertiles: 0.52 (0.43-0.62), 0.71 (0.59-0.85), 1.24 (0.91-1.82) mg/mmol (P , 0.001). ACR results from the two screening visits showed a good correlation (r = 0.61; P , 0.001).
The prevalence of microalbuminuria/ macroalbuminuria, based on ACR values .3.5 mg/mmol in boys and .4 mg/ mmol in girls, was 2.3-2.6% based on the results from a single screening visit. The majority of these cases represented transient or intermittent microalbuminuria, given that the prevalence of persistent microalbuminuria (ACR in the microalbuminuric range at both study visits), was only 0.7%. All cases with microalbuminuria were within the generated upper tertile (1.7% of all upper tertile cases).
Baseline Results: Trial and Observational Cohorts
The baseline population consisted of subjects recruited to the intervention arm of AdDIT (trial cohort) and those recruited to the observational arm of the study (observational cohort). In total, baseline data were available for 729 recruited participants, 400 from the trial cohort and 329 from the observational cohort. The general characteristics of the participants with available results are shown in Table 1 . Adolescents in the trial cohort were slightly younger, had shorter diabetes duration, and were diagnosed at an older age. There was a similar sex distribution between the two groups, whereas BMI and WC tended to be higher in the observational cohort.
Vascular Structure and Function
The results of vascular assessments from 400 adolescents from the trial cohort and 329 from the observational cohort are reported in Table 2 .
Adolescents in the trial cohort had a small but significantly greater age-and sex-adjusted PWV than those in the observational cohort.
Other measures of vascular structure and function (cIMT, FMD, PAT) were not different between the two study groups ( Table 2 ). There were no significant differences in BP between the two study cohorts.
A significant association was found between PWV and systolic BP and diastolic BP z-scores (r = 0.229, P , 0.001; r = 0.250, P , 0.001; respectively), whereas no significant association was found between BP measurements and other CV parameters (cIMT, FMD, PAT).
Biochemical Data
Biomarkers of renal and CV status were available for 307 adolescents recruited to the trial and 254 in the observational cohort ( Table 3) .
Levels of total cholesterol were higher in the trial than in the observational cohort, although this difference did not reach statistical significance. Levels of non-HDL cholesterol were significantly higher in the trial cohort. In contrast, there were no significant differences in HDL cholesterol, LDL cholesterol, and triglycerides. The ApoB-ApoA-1 ratio was significantly increased in the trial cohort after adjusting for the effect of age and sex (Table 3 ).
There were no significant differences between the two groups in levels of ADMA and hsCRP ( Table 3) .
Levels of cystatin C and creatinine were significantly decreased in the trial compared with the observational cohort. This was associated with higher eGFR levels in the former group. In contrast, levels of SDMA were similar between the two groups ( Table 3 ).
CONCLUSIONS
This study shows that adolescents with type 1 diabetes who have raised ACR, but still within the normal range, already have increased arterial stiffening and abnormal lipid profiles and show evidence of hyperfiltration, compared with those with low-moderate ACR levels. The ongoing randomized controlled trial, AdDIT, designed to target these abnormalities, will determine whether early treatment with ACEIs, statins, and/ or their combination will have a beneficial effect in these young patients who are at risk for developing not just renal, but also CV complications in later life.
It was recognized from the ORPS study that adolescents with type 1 diabetes and ACR levels within the upper tertile of the normal range are more likely to progress to microalbuminuria (8) , which in adults is associated with increased risk of DN and CV disease (1, 2) . We now show that in the AdDIT trial cohort, even modest elevations in albumin excretion are associated with an increase in age-and sex-adjusted PWV, a composite measure of arterial stiffness. This was in the presence of no differences in other key measures of vascular function and structure, such as cIMT and nitricoxide-dependent endothelial function. A possible explanation for this early rise in arterial stiffness could be a specific adaptation within the smooth muscle compartment of the arterial wall, whereas more adverse vascular structure and functional changes, including increased cIMT and impaired FMD, might only become evident at a more advanced stage in the progression toward renal disease (21, 22) . Similarly, previous studies performed in populations of young people with type 1 diabetes mainly showed differences in cIMT or FMD when comparing subjects with and without microalbuminuria (23) . Our results are also in line with data from adults with type 1 diabetes, where PWV was one of the first detectable vascular alterations in those with microalbuminuria and macroalbuminuria (24) . Increased PWV has emerged as a predictor of future CV events and mortality (24) . The vascular reassessment at the end of AdDIT will test the hypothesis that PWV evolution at a very young age can be modified through early treatment with ACEIs and statins, both alone and in combination.
The link between renal and CV disease in type 1 diabetes remains poorly understood. Previous studies have shown an association between albumin excretion and lipid parameters, including total cholesterol, LDL cholesterol, and non-HDL cholesterol (25, 26) . We found that levels of non-HDL cholesterol were significantly increased in subjects with higher ACR. Non-HDL cholesterol provides a measure of cholesterol contained in all the atherogenic lipoproteins and, in a recent meta-analysis of studies in adults treated with statins, was a better predictor of future CV events than LDL cholesterol (27) . We also found a significantly increased ratio between the proatherogenic ApoB and the protective ApoA-1 in subjects with increased ACR, which in adults has consistently been associated with a higher CV risk (28) . In the Young Finns Study, the ApoB-ApoA-1 ratio was directly related to cIMT, FMD, and PWV during adulthood (29) , supporting its value as marker for future CV disease development.
In contrast, no differences between novel CV risk markers, such as ADMA and hsCRP, were found between the trial and observational cohorts. Elevated hsCRP has been shown in numerous cohorts with high CV disease risk (30) but this marker is increased in young people with type 1 diabetes only after the onset of microalbuminuria (31) . Similarly, in adults with type 1 diabetes, ADMA, an endogenous inhibitor of nitric oxide synthase, has been associated with DN and CV disease (32) . Previously, we could not detect any difference in ADMA in young people with and without microalbuminuria (33) . Our current findings are in agreement with previous work, which showed that ADMA, like hsCRP, is only elevated in the presence of more advanced stages of DN (34) .
There was evidence of hyperfiltration in the trial cohort, as indicated by higher eGFR levels and decreased levels of cystatin C, when compared with the observational group. In recent years, there has been interest in the identification of circulating plasma/ serum markers of glomerular filtration rate (GFR), which could be implemented in clinical practice, instead of the cumbersome gold standard infusion techniques. Several studies have reported that cystatin C is a useful circulating marker, inversely related to GFR, both in adult and in pediatric populations (35) . Our results on cystatin C and eGFR are consistent with previous observations that hyperfiltration is frequent among adolescents with type 1 diabetes who later go on to develop microalbuminuria (36) . Increased GFR has long been recognized as an early stage of DN in young patients with type 1 diabetes, where it is often associated with increased renal size (37) . This early stage of hyperfiltration has been shown to be a predictor for later development of microalbuminuria and decline in renal function (37) and has been also associated with endothelial dysfunction and reduced arterial stiffness, suggesting that hyperfiltration is a marker of a more general endothelial dysfunction (38) . Therefore, prevention of hyperfiltration during adolescence could be an important target for reduction of future complications. Surprisingly, we could not detect any difference in SDMA, which has previously emerged as another sensitive and reliable circulating marker of GFR in adolescence with established microalbuminuria (39) .
Our results on renal and CV markers and vascular measurements were obtained from a subset of the AdDIT population and not from the full cohort, and this could represent a potential study limitation. However, these subjects were representative of the whole cohort in terms of age, diabetes duration, age at diagnosis, and glycemic control.
Although adjustments for diabetes duration, age at diagnosis, and sex were made in the calculation of ACR tertiles, adolescents in the trial group were older at the time of diabetes onset and showed shorter diabetes duration. The shorter diabetes duration could suggest that subjects at higher risk of developing renal and CV complications show increases in ACR earlier in the natural history of diabetes and closer to pubertal years. This might be the result of an interaction between puberty and the individual's genetic predisposition in accelerating the appearance of early signs of complications. Interestingly, this is in line with previous data from the ORPS cohort, where it was found that although the cumulative prevalence of microalbuminuria was unaffected by age at diagnosis, subjects with an early onset of diabetes (i.e., before age 5 years) had a longer "free" interval before the onset of microalbuminuria (40) . However, in the current study, the differences in age at diagnosis and duration might also reflect the effect of other environmental factors that we did not explore.
Another potential study limitation is related to the assessment of BP, which did not include a 24-h ambulatory BP monitoring, therefore limiting the possibility of assessing the circadian BP rhythm and potential early BP abnormalities, which were previously linked to microalbuminuria (12, 41) . In addition, BP assessment was based on an oscillometric instead of the recommended auscultatory technique, although the device used in the current study has been previously validated both in adult and pediatric populations (14) .
Inthe current study, the abnormal CV and renal profiles in subjects with increased ACR appeared to be independent of glycemic control, given the small difference (0.1%) in HbA 1c between the trial and observational cohorts. However, overall glycemic control in the AdDIT screening population was above the recommended levels for the specific age range, with $75% of subjects having values $7.5% (58 mmol/mol) (42) . Nevertheless, glycemic control was better than that reported in previous population-based studies of cohorts with type 1 diabetes of similar age than the AdDIT screening population, likely reflecting recruitment bias and the beneficial effect of the implementation of more intensive insulin regimens during recent years (26, 42) . This may also explain differences in age and sex distribution from the previous ORPS/ Nephropathy Family Study, from which the tertile algorithm was derived. However, overall, these data emphasize the difficulty of achieving HbA 1c less than 7.5% in adolescence due to the combination of specific physiological and psychological characteristics of this period of life.
The AdDIT baseline data for adolescents with type 1 diabetes show that higherthan-average albumin excretion during adolescence is associated with worse measures of DN and CV disease development, independently of HbA 1c . This emphasizes the importance of ACR as an early risk marker. Early screening for abnormal ACR and effective interventions during adolescence could reduce lifelong risk of DN and CV disease. The randomized controlled AdDIT will determine the potential benefits of early ACEIs and/or statins treatment on renal and CV disease development.
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